Amino groups in human albumin are modified in vivo by glucose in a non-enzymic reaction, and previous studies have implicated lysine residues as exclusive participants. An investigation using g.c.-m.s. was undertaken to ascertain whether or not the N-terminus was also involved. Appropriate model compounds [N-(l-deoxyglucitol-l-yl) and N-(l-deoxymannitol-l-yl) adducts of aspartic acid] were synthesized and the diagnostic fragment ions of suitable derivatives were established under electron-impact and negativechemical-ionization conditions. Characteristic fragment ions were identical with those obtained from the model compounds in the mass spectra of derivatives prepared from hydrolysates of reduced albumin. A purified mixture of the model compounds was also obtained from such hydrolysates. Use of radioisotopic incorporation demonstrated that the relative extent of glycation of the c-amino and z-amino groups in albumin was approx. 8: 1. N-I -Deoxyhexitol adducts of aspartic acid were also identified in reduced and hydrolysed peptides of human urine.
INTRODUCTION
Post-transitional and non-enzymic modification of proteins by glucose (glycation) is an established phenomenon in animals, an adventitious consequence of the constant presence of glucose in the circulation. Some examples of the proteins affected are haemoglobin, albumin, ,l-lipoprotein, fibrinogen, collagen, lens crystallin and myelin [1] . The chief mechanism of glycation is thought to be an example of the Maillard or browning reaction in which the Schiff base formed between the amino group of a protein and glucose undergoes an Amadori rearrangement to produce a stable fructose-amino acid adduct, although an additional autoxidative process has also been proposed [2] . The fructose-amino acid complex may react further to produce an 'advanced glycosylation end product' [3] , which can cross-link with the same or a different protein. The amino acid residues which could take part in glycation are expected to be the a-amino group of the N-terminus and the side-chain e-amino group of lysine and, since a low pKa enhances reactivity, one might anticipate that the a-amino group would be the more reactive. The glycation of haemoglobin was the first example to be characterized, and g.c.-m.s. combined with peptide fractionation helped to show that the a-amino group of the ,-chain was indeed the principal site involved [4] . However, it has been much easier to show that the e-amino group is modified in the other proteins listed above. In albumin for example, Lys525 is principally involved, and previous attempts to demonstrate N-terminal glycation by classical methods have been unsuccessful [5, 6] . Since the extent of glycation depends on glycaemic status and survival time of the protein [1] , the clinical application (in which the glycated protein serves as a reliable index of a patient's glycaemic status) has attracted much interest [7] . Changes in metabolism have also been noted [8] , and glycated compounds can be recovered from urine, but their cellular origin is not known [9] .
The standard approach used to characterize glycated residues is to reduce the glycated protein (usually with a hydride donor) so that both the Schiff base and the Amadori complex are stabilized as the N-1-(1-deoxyhexitol)-amino acid adduct. After hydrolysis, part of the sample is subjected to amino acid analysis or peptide fractionation and part is derivatized and characterized by g.c.-m.s. [4, [10] [11] [12] [13] . Reduction of the Amadori compound with borohydride produces both C-2 epimers, N-i-(1-deoxymannitol)-and N-i-(1-deoxyglucitol)-, of the amino acid adduct. Reduction of the-Schiff base with either borohydride or cyanoborohydride entails reduction at C-1 and gives the corresponding glucitol derivative as the sole product. These reduced compounds are more stable (e.g. to hydrolysis) than the parent compounds. However, exposure to the strongly acidic conditions usually used to hydrolyse proteins causes dehydration of the hexitol to give a mixture of anhydro derivatives, as shown previously for lysine [10] .
We have reported that reduction of human albumin with [3H]borohydride followed by acid hydrolysis yielded three significant fractions on amino acid analysis [14] . Whereas it was possible to confirm that most of the radioactivity originated from glycated lysine, the composition of the other two fractions was not elucidated. In this study the use of g.c.-m.s. has resulted in the unequivocal identification of glycated aspartic acid in a second of the fractions; it is reasonable to assume that Vol. 261 Abbreviations used: e.i., electron-impact; n.c.i., negative chemical ionization; t.i.c., total ion chromatogram; MASP and GASP, N-( 1-deoxymannitol-l-yl) and N-(1-deoxyglucitol-1-yl) adducts of L-aspartic acid; TFA-OMe, trifluoroacetyl methyl ester; TMS, trimethylsilyl; NHDAA, N-(l-deoxyhexitol-l-yl)-amino acids. (b) Synthesis of glucitol-and mannitol-aspartic acids by reductive amination. The procedure employed was based on that described by Schwartz & Gray [15] . Aspartic acid (20 mg) was incubated with an equimolar amount of either D-glucose or D-mannose in phosphatebuffered saline (0.5 ml), which contained 0.900 NaCl, 0.02% NaN3 and 0.01% Na2 EDTA in 0.OIM-sodium phosphate, pH 7.4, for 2 h at 37 'C. Sodium cyanoborohydride (15 mg) was added and the mixture was incubated for 5 days at 37 'C. The pH was adjusted to 4.0 with acetic acid and the solution stored at -20 'C until required.
(c) Synthesis of glucitol and mannitol adducts of lysine 1161 (Scheme 1, structure II, R1 and R2 = H). POIY-Llysine (27 mg, residue number > 100; Sigma, Poole, Dorset, U.K.) was incuated with the appropriate hexose (27 mg) in phosphate-buffered saline (0.5 ml) for 2 h at 37 'C before sodium cyanoborohydride (5 mg) was added and the incubation continued.
After 5 days a gelatinous material had formed; the pH of the reaction mixture was adjusted to 4.0 with acetic acid and the material was dialysed for 48 h against two changes of water before hydrolysis (see subsection 3 below). 2. Reduction of albumin Two protocols were used. In order to reduce the glycated groups in albumin, the protein (20 mg; from Sigma or from Behring, Marburg, W. Germany, or isolated as described previously [14] ) was dissolved in phosphate-buffered saline (0.5 ml) and a solution of sodium borohydride (0.5 ml; 5 mg dissolved in 0.01 MNaOH) was added to give a > 400 molar excess of borohydride. The mixture was incubated for 2 h at room temperature before the pH was adjusted to 4.0 with acetic acid. It was then dialysed for 72 h at 4°C against 0.9°/ saline to remove excess reagents. 3. Hydrolysis and recovery of reduced adducts obtained from polylysine and albumin Hydrolysis of the appropriate adduct (see subsections 1 c and 2 above) was performed in a sealed tube under N2 with 6 M-HCl for 18 h at 1 10 'C. After removal of excess acid by evaporation (N2 stream), the residue was dissolved in water and the pH adjusted to 9.0 with 4 MNaOH. The resultant solution was applied to a column (16 cm x 1.5 cm) of boronate gel (Affigel 601; Bio-Rad, Watford, Herts., U.K.) previously equilibrated with 25 mM-sodium phosphate buffer, pH 9.0. The column was washed with the equilibration buffer (350 ml) before it was developed with 25 mM-HCl. Fractions (5.5 ml) were collected, and those containing ninhydrin-positive material were pooled and freeze-dried.
Isolation of glycation substances from urine
This was achieved by the method of Brownlee et al. [17] , which used the same column and reagents as those described in subsection 3 above, and resulted in the recovery of Amadori compounds. This material was freeze-dried, dissolved in phosphate-buffered saline (1 ml), reduced with borohydride (12 mg per 100 ml of urine processed) and treated as described in subsection 3 above.
Preparation of radioactive samples
NaB3H4 (specific radioactivity 10 Ci/mmol; Amersham International) was used to reduce both albumin (as specified in subsection 2 above) and the glycated fraction isolated from urine by affinity chromatography (see subsection 4 above). In each case a solution (0.5 ml) of the reducing agent (5 mg and 0.5 mCi) in 0.01 M-NaOH was employed, and excess radioactivity was removed from the albumin sample by dialysis. The radioactive solution originating from urine was poured on to a column of Dowex-50 (8 ml), which was washed with water (180 ml); glycated components were recovered by elution with a solution of aq. 1.5 M-NH3 (50 ml) and were freeze-dried. 6 . Amino acid analysis
The method was based on that of Robins [18] and was described previously [14] . 7 . Preparation of trifluoroacetyl methyl esters (Scheme 1; structures I and II, R1 = CF3CO and R2 = CH3)
The trifluoroacetyl methyl esters (TFA-OMe) of the N-deoxyhexitol-amino acids were prepared as described by Cruikshank & Sheehan [19] . The freeze-dried product
Vol. 261 (approx. 5 ,umol) The instrument used was a Hewlett-Packard model 5988A with electron-impact (e.i.), negative-chemicalionization (n.c.i.), positive-chemical-ionization and selected-ion-monitoring facilities; this was interfaced with an HP RTE-6/VM data system. The column was a fused silica capillary column (0.2 mm x 12 m) with a cross-linked bonded methylsilicone phase (HP-1, 0.33 ,tm film thickness) and utilized helium as the carrier gas (flow rate: 1 ml/min). The temperature program required maintenance of the oven temperature at 150°C for 30 s, followed by a gradient from 1500 to 250°C at 20°C/min and then maintenance at 250°C for 10 min. For e.i. the source temperature was 200°C and the electron energy was 70 eV. For n.c.i. analysis, with methane as the reagent gas, the source temperature was 150°C and the electron energy was 200 eV.
RESULTS AND DISCUSSION
The two potential targets for glycation in albumin are the a.-amino group of aspartic acid and the c-amino group of lysine, and hence authentic mannitol and glucitol derivatives of aspartic acid and poly-L-lysine were prepared by reductive amination. Polylysine was chosen in preference to lysine because it offered a convenient starting material for the preparation of epimers substituted at the c-amino group and also of their degradation products, which are formed on acid hydrolysis [10, 1 1] . GASP was prepared by an unequivocal route (i.e. one that avoided Amadori rearrangement to the fructose-aspartic acid adduct, which would have yielded a mixture of epimers at C-2 on subsequent reduction). The structure of GASP was confirmed by the fragmentation pattern of the TFA-OMe derivative on g.c.-m.s. and the 'H-n.m.r. spectrum. In the latter, the appearance of signals arising from the methylene hydrogens attached to the deoxy carbon (C-1) at 8 3.29 p.p.m. and 3.38 p.p.m., and the chemical-shift difference of 0.09 p.p.m. between them, are characteristic of N-deoxy-D-gluco-amino acids [12] . For all practical purposes, the mannitol epimer was absent from GASP, since the resonance at 683. Walton et al. [12] prepared model N-(1-deoxyhexitol-1-yl)-amino acids (NHDAA) and found that TMS derivatives afforded structurally diagnostic ions on g.c.-m.s. [13] . Ahmed et al. [20] The other intense ions ofm/z 282 and 207 are attributable to fragments of the trifluoroacetylated glucitol group and that of m/z 113 to the reagent-specific trifluoroacetate ion. The prominent peak at 2.5 min (Fig. la) [22] .
The e.i. total ion chromatogram for GASP-TFAOMe (Fig. la) showed a singlet peak at 5.3 min, and its mass spectrum (Fig. lb) 320% abundance relative to the base peak of m/z 787.
Comparison of the mass spectra obtained by e.i. and n.c.i. (Figs. 1 and 2 ) clearly demonstrated the advantages of c.i. methodology. E.i.-induced ionization of GASP-TFA-OMe produced a considerable number of low-intensity fragment ions (including the molecular ion), and the ions of high abundance tended to be of low m/z values, which limited their diagnostic value for the complex as opposed to its components. In contrast, the n.c.i. spectrum exhibited a number of high-intensity ions of high m/z values in addition to the molecular ion of the adduct. A mixture of the TFA-OMe derivatives of MASP +GASP was also analysed as a model system in order to determine whether or not these substances could be identified independently of each other in protein hydrolysates. For this purpose, n.c.i. was chosen with selected ion monitoring. The chromatogram obtained for the mixture displayed two-prominent peaks with reten.tion times of 5.18 and 5.23 min (Fig. 3) , with identical n.c.i. mass spectra. Comparison of Fig. 2(a) with Fig. 3 indicated that the peaks at 5.18 and 5.23 min corresponded to MASP and GASP respectively. The small peak at 5.02 min (Fig. 3) gave a mass spectrum similar to those of the TFA-OMe derivatives of MASP and GASP, and it is attributed to a corresponding C-3 isomer.
A derivatized hydrolysate of polylysine, which had undergone prior reductive amination with glucose, was also analysed under n.c.i. conditions. The total ion chromatogram contained two principal peaks, with re- tention times of 6.74 and 8.13 min. The n.c.i. mass spectrum of the peak at 6.74 min afforded abundant ions of m/z 996, 976 and 882 (cf. Fig. 4b above) ; data consistent with its identification as the TFA-OMe derivative of N-(l-deoxyglucitol-1-yl)-lysine (Scheme 1); the other peak contained ions of m/z 786, 766, 689 and 672, which suggested that it represented an anhydro analogue of deoxyglucitol-lysine. The corresponding mannitol derivative produced two equivalent peaks at slighter shorter retention times (see Table 1 ) and the total-ion chromatogram for the mixture of epimers (expected to be present in protein hydrolysates) showed all four peaks well resolved from each other (Fig. 4a ). An additional peak (retention time 6.57 min) was also observed: it afforded ions characteristic for 1-deoxyhexitol-lysine and possibly is due to a C-3 isomer.
Robins & Bailey [10] , using g.c. reported that anhydro derivatives of glycated lysine are formed on acid hydrolysis of collagen, but they did not furnish any mass-spectral data. It was also postulated that the anhydro compounds were present as furanose structures, formed by ring closure between either C-2 and C-5 or between C-3 and C-6 of the hexitol moiety [18] . The anhydro derivatives are artefacts, and their formation can be attributed to the severity of the acid conditions (particularly of time and temperature) to which the deoxyhexitol-amino acids were subjected, either during hydrolysis of the protein or during derivatization. Data relating to the model compounds are collated in Table 1 , and the proposed fragmentation in the n.c.i. mode is depicted in Scheme 1. Hydrolysates of albumin (which had been previously reduced with borohydride) were subjected to affinity chromatography to obtain a fraction enriched in glycated components. A typical total-ion chromatogram produced by n.c.i. analysis of the TFA-OMe derivatives present in such a fraction contained more than ten peaks, some with retention times appropriate for the derivatives of hexitol-aspartic acid and hexitol-lysine. Therefore selected ion monitoring (using the appropriate ions listed in Table 1 ) was undertaken to confirm that the glycated components were present, clearly demonstrating the power of the method for the specific detection of glycated amino acids in protein hydrolysates. For (Fig. 5) . Whereas the species eluted at 5.03 min probably arises from the C-3 epimer, the identity of the peak at 5.30 min has not been established. A (Fig. 6) showed that the glycated aspartic acid could be isolated by this procedure and that it consisted of both epimers ( Fig. 6, inset ; cf. Fig. 3 ). It is suggested that the epimers are formed by nonstereospecific reduction of a fructose-aspartic acid complex present in albumin. Glycated components were also recovered, by affinity chromatography, from human urine. These were reduced with borohydride and purified by cation-exchange chromatography; samples were hydrolysed, derivatized as described above and subjected to g.c.-m.s. analysis in the n.c.i. mode. A complex total-ion chromatogram was obtained initially, and it was not possible to reach firm conclusions regarding the presence of glycated amino acids. However, using the base ion of m/z 787, a clearer trace resulted (Fig. 7) . The Radioactive samples of albumin and urinary peptides were also prepared with NaB3H4. Hydrolysates were purified by affinity chromatography (in order to remove non-specifically labelled substances), subjected to amino acid analysis, and the distribution of radioactivity was determined. For albumin, 12 and 7800 of the 3H recovered was eluted in positions expected for hexitol and anhydrohexitol derivatives of aspartic acid and lysine respectively. With urinary peptides, the corresponding values were 28 and 65 0, and in both cases the overall recovery of radioactivity from the analyser exceeded 85 It has been shown previously [14] that the albumin used in the present study was homogeneous and contained 0.36 glycated groups per mol. By means of g.c.-m.s. and amino acid analysis it is now possible to show that aspartic acid is glycated in addition to lysine. Fig. 6 indicates that glycated aspartic acid is present in the breakthrough fraction obtained by amino acid analysis and, if all radioactivity associated with the fraction is due to this residue, it can be calculated that it contributes a maximum of 0.04-0.05 glycated groups per mol of albumin and represents glycation at the N-terminus. Therefore it is not surprising that the conventional methods of analysis previously used were not sensitive enough to detect this small contribution to the overall level of glycation of albumin. The current list of proteins which undergo N-terminal glycation is short and comprises osteocalcin [23] , albumin (the present study) and each chain of haemoglobin [24] , but it is anticipated that this will increase as more sophisticated techniques, such as g.c.-m.s., are applied more widely. The factors governing the rate of formation of the Amadori complex are not fully understood, but the pKa of the target amino acid is undoubtedly an important parameter in Schiff-base formation. However, there must be additional determinants, because the valine residue at the N-terminus of the fl-chain of haemoglobin forms the fructose adduct more readily than the valine at the same position in the ac-chain [24] , in spite of their similar pKa values [25] . The presence of a neighbouring group which is able to participate in the Amadori rearrangement may be an important consideration [6, 26, 27] . In addition, in vivo, the proteins may form complexes with metabolites or cofactors which render a potential site inaccessible to glucose. For example, it is known that Cu(II) binds at the N-terminus of albumin [28] , and the Cu(II)-albumin complex present in vivo may not undergo glycation. The occurrence of glycated amino acids in urine may reflect intracellular catabolism or may be due to dietary intake of glycated proteins [9] . We have indirect evidence from a clinical study that the presence of glycated aspartic acid in the urine represents turnover of albumin. This study involved serial analyses of glycated components in 24 h urine samples provided by diabetic subjects during a period when their glycaemic status improved. 
